In support of an epidemiological study of cancer incidence among cotton textile workers in Shanghai, PRC, historical estimates of exposure to cotton dust and endotoxin were developed for subjects drawn from a cohort of 267 400 female textile workers. A large dataset of historical cotton dust measurements were available from 56 of the study factories. Using these data, a series of models were developed to estimate cotton dust exposure by year, factory and process. Model estimates were validated by comparing with independently collected measurements gathered over a 15 year period and indicated a low relative bias (<2%) and relative accuracy (-61%). Endotoxin exposures were estimated using the endotoxin content of cotton dust by major processes obtained in five separate surveys in these factories. The validated exposures were assigned to the 7242 jobs held by the 3812 study subjects. Among the exposed workers, the mean cumulative exposure levels were 113.8 mg m À3 *years for cotton dust and 6707.7 EU m À3 *years for endotoxin, respectively. The overall correlation among cotton dust and endotoxin exposures for these subjects was r = 0.58. Using an unusually rich set of historical cotton dust measurements, along with independently collected exposure measurements for validation and conversion to endotoxin levels, validated estimates of cumulative exposure were constructed for this large case-cohort study in the textile industry.
INTRODUCTION
Over the last 30 years, significant progress has been made to advance the quality of exposure assessments in occupational studies. The increased availability of measurement data (Blair and Stewart, 1992; Blair et al., 1999) , an appreciation of importance of average exposures over time (Rappaport, 1991a; Rappaport and Smith, 1991) and the adoption of rigorous statistical techniques have increased the confidence with which such data can be incorporated into epidemiological research (Hornung, 1991; Kromhout et al., 1991; Rappaport, 1991b; Seixas and Sheppard, 1996) . Regardless of the amount of exposure data available and the manner in which they are organized, it is always desirable to attempt exposure assessment validation (Bouyer and Hemon, 1993; Stewart, 1999) . In a recent review of their assessment methods for acrylonitrile exposure, Stewart et al. emphasize the necessity of such a step, pointing out that the lack of a validity evaluation reduces the usefulness of the study and opens the investigators to criticism (Stewart et al., 2003) ; and more to the point, may undermine the inferences drawn from the study.
Past epidemiological studies investigating lung cancer among textile workers in China have been population-based case-control studies and relied on job title as a surrogate of exposure (Levin et al., 1987 (Levin et al., , 1988 ; Wu-Williams et al., 1993; Wang et al., 1995) .
*Author to whom correspondence should be addressed. Tel: +1-778-328-8017; fax: +1-778-328-8001; e-mail: george@ohsah.bc.ca Similarly, exposure assessments for occupational studies of cancer incidence and mortality from all causes among textile workers outside China have also been limited to surrogate dose metrics, such as duration of employment (Berry and Molyneux, 1981; Merchant and Ortmeyer, 1981; Kuzmickiene et al., 2004) . This paper describes the development of quantitative estimates of exposure to cotton dust and endotoxin for members of a cohort of workers in the textile industry in Shanghai. The estimates were evaluated against independently collected cotton dust measurements from two of the factories.
METHODS

Data development and modeling
This study is based on a cohort of workers from 526 textile factories in the Shanghai Textile Industry Bureau (STIB) who enrolled in 1989-1991 (Thomas et al., 2002) . Employment records were maintained at the factories, or in the case of those that had closed down since study inception, at the offices of the STIB or at local offices of the Shanghai Municipal Center for Disease Control (SMCDC), formerly known as the Shanghai Anti-Epidemic Bureau. Industrial hygienists employed by the STIB collected factory information from participating factories using a standardized factory profile form (FPF). Along with general information on factory age, size and production processes, the industrial hygienists used the FPFs to record exposure measurement data from factory records and from government inspection reports.
Approximately 4700 fixed-location dust measurement records were abstracted from records in 93 of the 503 factories in which women in this study had worked. The measurements were originally collected during the course of regular surveys required by the SMCDC for compliance with occupational health regulations. They included measurements of cotton, wool, synthetic fiber and silica dust among other exposures. The standard method of dust collection was the high volume Chinese dust sampler (CDS) described previously (Astrakianakis et al., 2006) . This high-volume 'total' dust sampler operates at 20 l.p.m. using open-faced 40 mm PVC filters.
The exposure assessment for the case-cohort study included several steps and is described in detail below. In summary, the historical data were reviewed for inconsistencies and obvious errors. The predictive model for cotton dust exposure was developed followed by the validation of the estimates for two study factories. Based on a series of decision rules, exposure levels for cotton dust were assigned to all jobs associated with cotton manufacturing in these factories. Exposure levels for endotoxin were then assigned based on the product of cotton dust concentrations and endotoxin content of the airborne dust. Finally, the cumulative exposure to cotton dust and endotoxin were calculated for each subject according to all jobs held.
The STIB hygienists coded the abstracted major and specific processes corresponding to each historical measurement according to standardized process and job dictionary developed for this study (Wernli et al., 2005) . The dictionary contained codes for 18 major and 166 specific manufacturing processes in the textile industry. The recorded exposure measurements included 69 data points representing very high (> 25 mg m À3 ) dust concentrations. Among these, two transcription errors and five miscoding errors (silica measurements entered as cotton dust measurements) were identified and corrected, but no errors were found for the remaining 62 entries. Concentrations of cotton dust >25 mg m À3 are possible in dust collection areas or in other special operations, but are unlikely to reflect the levels experienced by workers. All 62 of these high measurements data points were removed. The mean and median values for the removed measurements were 100 and 49.5 mg m
À3
, respectively, and ranged from 25.1 to 849 mg m À3 . An additional 22 measurements were removed from the database because identical measurements were listed for two different dates; the measurements for the earlier date were maintained.
Thirteen measurements were listed as below the detection limit (<DL), and were replaced with DL= ffiffi ffi 2 p mg m À3 . The DL was set at 0.1 mg m
(the lowest measurement provided by the balance used by the STIB laboratory (Sartorius, 1997) All seven variables were added to the linear model sequentially in a forward modeling procedure. Variables were kept in the model if their coefficients were statistically significantly different from zero (P < 0.05) and if the addition of the variable significantly increased the proportion of variance responded to by the model (r 2 ). Interaction terms were considered but were not included for the sake of parsimony.
Model validation
For external validation of the model, the predicted concentrations were compared with a set of independently collected fixed-position cotton dust measurements obtained over 15 years at two of the factories in the current study (Olenchock et al., 1983; Kennedy et al., 1987; Christiani et al., 1993 Christiani et al., , 1999 . However, because the predicted cotton dust exposures were estimated in terms of the CDS concentrations and the data used for validation were measured using a vertical elutriator (VE), the CDS estimates were first converted to a VE-equivalent concentration using a conversion model described previously (Astrakianakis et al., 2006) . Briefly, the CDS is a high-volume open-faced total dust sampler operated at 20 l.p.m. and the VE is an inhalable dust sampler with a designed cut-point of 15 mm aerodynamic diameter operated at 7.4 l.p.m. Side-by-side sampling was performed at three Shanghai textile mills using the CDS and VE sampling devices in November 2002. The ratios of CDS to VE measurements were between 2 and 10 depending on process. A linear model was developed based on the sampling results to convert CDS measurements into VE equivalents and incorporated the specific processes where sampling took place.
where: ln (VE), log of dust concentration as measured by the VE; ln (CDS), log of dust concentration as measured by the CDS; and SP (Specific Process), specific production process. Direct comparisons of model estimates and the previously collected exposure data were possible for six specific processes at two textile mills collected during four surveys, or potentially 48 exposure categories. However, in one factory the process of spinning was not sampled in all 4 surveys, and in another factory the process of combing was not sampled for 1 survey. Therefore, for each of the 43 exposure categories the model estimate was compared with the mean on the available measurements. The differences between the predicted and measured dust concentrations were used to determine the bias ('b', mean of the difference), precision ('p', standard deviation of the difference) and accuracy (b 2 + p 2 ) 1/2 of the exposure estimates (Hornung, 1991) . Comparisons were made for specific processes within each mill and are reported as relative bias, relative precision and relative accuracy, where relative statistics were calculated as the bias (or precision or accuracy) divided by the measurement mean multiplied by 100. A smaller value of each of these statistics indicates better performance of the model.
Calculation of cumulative exposure for study subjects
Estimated cotton dust exposures from the model were assigned to each subject's work history using a set of decision rules. For the lung cancer casecohort study, the work histories for 3812 subjects were collected from 462 of the 503 factories. The subjects held 7242 jobs. Jobs identified in factories where cotton was not used (n = 2661) were assigned zero exposure. For 1803 jobs, the primary model was used to estimate the process, factory and time-specific exposure level. For the remaining 2778 jobs where some of the predictors were not available, a series of secondary predictive models were developed using a restricted set of predictors. The order of application of the secondary models was guided by the strength of the model (r 2 ) and by inspection, noting which predictor was omitted after each step.
There were no measurements of endotoxin in the historical data obtained from the factories in this study. Information regarding the source of the cotton used by each factory was requested but details regarding raw cotton purchases were discarded after 2 years. Consequently, estimates of exposure for the current study were approximated based on measurements of the endotoxin content of airborne cotton dust collected from several Shanghai textile factories over 15 years (Olenchock et al., 1983; Kennedy et al., 1987; Christiani et al., 1993 Christiani et al., , 1999 and endotoxin measurements obtained for this study (Astrakianakis et al., 2006) . Average endotoxin content of airborne dust for seven specific processes was derived from a total of 765 samples from five factories obtained during these five surveys. The geometric mean endotoxin content (EU mg À1 cotton dust), by major process, was multiplied by the predicted cotton dust levels. Maintenance jobs were assessed at specific endotoxin levels according to the production areas where they were assigned, such as machine maintenance in roving. All maintenance jobs 575 Validation of cotton dust exposures in Chinese textile workers assigned to non-production areas were considered unexposed to cotton dust and endotoxin. All administrative jobs in non-production processes and jobs in non-cotton factories were considered unexposed to endotoxin.
RESULTS
Dust concentration data were available for 2475 cotton dust samples collected from 56 of 244 cotton factories of the total 503 study factories. The cotton dust samples were collected between 1975 and 1999. An additional 29 samples that were labeled 'mixed fiber', but had come from cotton processes, were added to the cotton dust data, bringing the total number of measurements to 2504. After review and correction of errors and removal of measurements collected outside usual work environments, the historical data used to develop the predictive model included 2413 results from 56 cotton factories, with the number of samples per factory ranging from 1 to 329.
Exposure concentrations as measured by the CDS by major processes are given in Table 1 . The GM was 2.0 mg m À3 and the GSD 2.7. Among major processes with at least 10 measurements, the GM ranged from 1.6 to 4.8 mg m À3 . The measurements represented 10 of 13 major processes and 39 of 166 specific processes. There were no measurements for the Warehouse and for Cutting, Sewing and Garment Manufacturing (major processes 1 and 10).
The historical measurements of cotton dust were collected from factories representing 19% of the cotton factories in this study. The source of data was generally evenly distributed among factories in terms of the size of the work force, with somewhat fewer measurements obtained from larger factories. The distribution ranges from 22% of the measurements from factories with the smallest peak workforce (<1000 workers) to 15% from the largest factories ($10 000 workers). About 75% of the samples were from factories opened before 1930, 17% from factories opened between 1930 and 1950, and the remaining 8% were from operations opened since 1950.
The available CDS measurements were collected from 1975 to 1999. Geometric mean dust concentration levels fall from 4.0 to 1.1 mg m À3 over the 24 year period (Fig. 1) . The data were collected from factories where the main fiber used in manufacturing is cotton (99%). In 22 of 56 factories, cotton was used exclusively and in 23 factories synthetic fibers were used as a secondary fiber in addition to cotton. The remaining factories utilized fibers other than synthetic as secondary fibers. Although some non-cotton fibers were used in some processes, the air samples were designated 'cotton dust' and are therefore believed to be valid cotton measurements.
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where: ln (CDS) P , log-dust concentration as measured by the CDS; SY (Sample Year), 1975 -1999 FID (Factory ID) , factories 1-56; MP (Major Process), major production processes 1-10; SP (Specific Process), specific production process 1-39. For illustration purposes, the coefficients for 10 of the 13 major manufacturing processes, for seven of the 39 specific processes and for the two factories used in the validation of the model are shown in Table 2 .
The predicted cotton dust exposures were compared with measurement data collected by Christiani et al. (1993 Christiani et al. ( , 1999 (Olenchock et al., 1983; Kennedy et al., 1987) . The 797 individual measurements collected over four surveys were collapsed into 43 mean exposures by SY, FID, SP and MP; 19 for Factory 1 and 24 for Factory 2. The measurement means represented six specific processes and three major processes. For comparison the measurement means were compared with the corresponding predictions from the models. The CDS-equivalent predictions were converted to VE-equivalent levels using equation (1) in order to perform the comparison.
The comparison of model predictions with the independent dataset is given in Table 3 , and plotted in Fig. 2 . The overall relative accuracy of the model was 61% and was influenced largely by a lack of precision in the estimates. The model slightly underestimated exposure, with bias of À2%, and was moderately correlated with the measurements (r P = 0.59, P < 0.0001; r Spearman = 0.61).
The model results in estimates that overestimate exposure for the specific process roving (Rel. Acc. = 121%). The scatter plot demonstrates this result where the slope of the regression line is much shallower than expected. At measured concentrations <ln (1 mg m À3 ), the predictive models will overestimate exposure, whereas the converse is true at higher measurements. The relative imprecision of the estimates in roving was low (29%) compared with the imprecision overall of 61% for the model. Apart from roving, estimates are predicted most accurately in opening (48%) and least accurately in spinning (69%). Notably, the predictions for spinning are closer to the point where the regression line would ideally pass.
Estimation of exposure for study subjects
Of the 4581 jobs in cotton factories, 1803 were in production operations where the primary predictive model (SY, MP, SP and FID) could define estimates. A series of secondary models was, therefore, created to allow complete matching with the subjects' work histories. These models and the number of jobs that each was able to provide estimates for are given in Table 4 . In total, 88% of the jobs were assigned exposure levels from these models. Of the remaining 565 jobs, 520 were administrative jobs in nonproduction processes and assigned zero exposure. The remaining 45 jobs were assigned exposure levels 
Estimation of endotoxin
The specific endotoxin levels per milligram of cotton dust derived from literature are summarized in Table 5 , and depicted in Fig. 3 . Endotoxin concentrations in air for 1625 jobs within these seven processes were calculated based on the product of the specific endotoxin levels and the estimated cotton dust concentration. For the remaining jobs, endotoxin concentrations were approximated by the average levels associated with their major processes. All specific processes involving the handling of finished cloth or thread were assigned specific endotoxin levels equal to those measured in weaving, 160 EU mg À1 of cotton dust. For wet processes such as Bleaching and Dyeing or for processes working with completely finished products such as in Printing, endotoxin exposures were estimated based on onetenth the specific endotoxin levels present in weaving or 16 EU mg À1 cotton dust.
Cumulative exposure to cotton dust and endotoxin We estimated cumulative exposures for 3812 textile workers included in the epidemiological study of lung cancer. Study subjects worked between 1932 and the end of follow-up, December 31, 1998. Cumulative cotton dust exposure was computed as the sum of the products of the estimated concentration and the duration for each of the jobs held by the 3812 workers in the study. Of these, 1221 subjects who had only worked in non-cotton jobs were assigned no exposure to cotton dust and endotoxin. Based on the aggregation of exposures over all jobs held by the 2592 cotton-exposed subjects, the mean cumulative exposure level was 113.8 mg m À3 *years. We could not estimate endotoxin exposures for 53 women who had worked as machinists, who were exposed to wool in early processing stages, or who held sanitation jobs with the potential for endotoxin exposure because no endotoxin data were available in these processes. Therefore, these subjects were removed from subsequent analyses. Among the remaining 2539 exposed women, the mean and median cumulative exposure to endotoxin was 6708 EU m À3 *years. The relation between the estimated levels of cumulative cotton dust exposure and the approximated cumulative endotoxin exposure is presented in Fig. 4 . The graph includes results for the 2539 subjects exposed to both cotton dust and endotoxin. The correlation among exposures for these subjects is 0.59.
The distribution of exposure levels evident in Fig. 4 reflects the approach used to assign endotoxin exposures. Among most subjects, the cumulative exposure to cotton dust and endotoxin follow a proportional association. A small group of subjects accumulated a much greater amount of endotoxin exposure for their level of cumulative dust exposure as compared with the majority of study subjects. Most of their work experience was in the early stages of fiber manufacturing where high-endotoxin content fiber was processed (e.g. carding or drawing). Conversely, a small group of subjects accumulated a lower amount of endotoxin exposure because most of their work experience was in parts of the factory where low or no endotoxin content fiber was processed (e.g. administration). Of course, the longer a subject worked the greater the dust and endotoxin exposure; however, the cumulative exposures are not associated with the number of jobs held. Olenchock et al. (1983) . b Kennedy et al. (1987) .
c Christiani et al. (1993) . d Christiani et al. (1999) .
e Astrakianakis et al. (2006) . Fig. 3 . Endotoxin per unit of cotton dust for seven specific processes collected during five sampling surveys (Olenchock et al., 1983; Kennedy et al., 1987; Christiani et al., 1993 Christiani et al., , 1999 Astrakianakis et al., 2006) . 
DISCUSSION
Cumulative exposure to cotton dust was estimated for 7242 jobs held by 3812 study subjects based on historical measurement data collected from Shanghai textile factories. These measurements include data from 19% of the cotton factories in this study. The distribution of measurements is weighted towards older factories where exposures are often thought to be higher than newer operations owing to antiquated equipment and less rigorous control of exposure. However, in this dataset, higher measurements were associated (very weakly) with newer operations, perhaps owing to the larger scale of production in newer operations. Although requested, no information was available regarding production levels over time for these factories.
A source of uncertainty in exposure estimation is the accuracy of the historical concentrations measured by the CDS. The CDS is a device that collects each sample over a short duration of time (20-25 min) and at a very high flow rate, typically 20 l.p.m. The open-faced configuration of the CDS total dust sampler results in the capture of large particles that are not inhaled and are, therefore, not biologically relevant. Previous results show that CDS measures dust concentrations between two and ten times higher, depending on the process, than the VE (Astrakianakis et al., 2006) . The imprecision in the measurements results in highly uncertain exposure estimates, and because of the over sampling, may not closely relate to the true dose.
The high mean concentration level of 2 mg m
À3
found in the historical data is not surprising given the characteristics of the sampling device used to collect the samples. Even after converting this concentration to the inhalable dust fraction using equation (1) (0.45 mg m À3 as a VE-equivalent concentration), the GM of the dust levels in the historical database still exceed the current OSHA permissible exposure limit of 0.2 mg m À3 in yarn manufacturing [29CFR Cotton Dust, 1910 .1043 (1978 )]. By comparison, Merchant et al. (1973) measured GM levels of 0.41 mg m À3 using a VE in a North Carolina textile factory.
Another source of uncertainty is the use of area samples rather than personal samples to model exposure. We previously demonstrated that personal exposure of inhalable cotton dust may be as much as 4.5 times the equivalent area measurement (Astrakianakis et al., 2006) . In cotton industries outside China, Simpson et al. (1999) reported a median concentration of inhalable cotton dust based on personal samples of 1.04 mg m À3 in Lancashire cotton factories. Other UK studies comparing area and personal sampling measurements have found as much as one order of magnitude difference among sampler results (Ogden et al., 1993) .
Cotton dust exposure model
The exposure model includes predictor variables for factory (FID), major process (MP), specific process (SP) and sample collection year (SY). The proportion of the variance in the sampling data resolved by the model is 32%. Of these four variables, FID is the most important, explaining 25% of the variance alone. Other predictors of exposure such as size of the workforce, age of the factory and season were not included in the final model. Although season was a statistically significant predictor of concentration it was not included for practical reasons. Estimated cotton dust exposures for the case-cohort study are cumulative concentrations based on annual rather than seasonal exposure levels. Not surprisingly the historical measurements collected in winter, when natural ventilation is at a minimum, were significantly higher than measurements collected in spring/ fall, which in turn were higher than measurements collected in summer.
Our approach to the exposure reconstruction was similar to that of Stewart et al. (1995) and Seixas et al. (1991) . A series of 'iterative' steps were used to assign exposures, directly or weighted according to what information was available, to each of the 7242 jobs. If the job was held during a year within the range of the model and dust measurements for the factory, major process and specific process were available in the historical database, then an estimate using the full model could be assigned to that job. When less information was available, one of five secondary models was applied.
Exposure model validation
The accuracy of the model was evaluated using the dataset of measurements collected by Christiani et al. During four surveys over a 15 year period they collected cotton dust samples from two cotton factories also included in the current study. They collected respirable dust using a VE, requiring conversion of our CDS-based predicted estimates for comparison. The full model and all the secondary models performed with a similar degree of accuracy (61-72%). Overall, the error in the predictions was due mainly to a lack of precision in the estimates. By comparison, the magnitude of the bias of the predictions from all models was very small, <5% (data not shown).
Comparing the accuracy of the predictions by manufacturing process reveals the model overestimated dust concentrations in roving. Almost no historical data (n = 2) were available for the roving processes in these two factories. The average historical exposure measurement in this specific process across all factories is much greater than the independent measurements of exposure for either of these two factories, providing one possible explanation. Although the validation results are satisfactory, it is important to emphasize that the measurement data were only available for 11 processes in two factories. Moreover, these processes were those for which the most historical data were available during the predictive model development and, therefore, this is a test of the estimates at their most stable.
An additional qualification regarding this evaluation stems from the error introduced with the conversion of the estimates. As described above the estimates were converted from CDS (total dust) to VE (respirable dust) in order to allow comparison with the data collected by Christiani and colleagues. The proportion of the variance resolved by the conversion model was 0.67. Therefore, the evaluation of the accuracy of the estimates includes error from both the predictive model and the conversion model.
Undoubtedly, these sources of uncertainty create some error in the estimates of cumulative exposures to cotton dust and endotoxin. Nonetheless, to our knowledge, these data represent the most complete quantitative estimates of exposure for the cotton industry generated for any epidemiological study.
SUMMARY AND CONCLUSION
Quantitative estimates of cumulative cotton dust and endotoxin exposure were calculated for 3812 women enumerated in a case-cohort study of lung cancer risk. The estimates were derived from a linear model based on a large set of historical measurements specific to these factories. These women held 7242 jobs in 503 factories from 1932 to 1998. The quantitative estimates of cotton dust exposure were compared with independently collected measurements from two of the study factories for the purpose of validation. The relative bias of the estimates was very low (<2%) and the relative accuracy was within 61% of the measurements and considered satisfactory based on suggested standards. The validation results suggest that inaccuracies in the estimates are due primarily to the imprecision of the underlying CDS data and the cumulative error of the predictive and conversion models. Despite the absence of historical endotoxin measurements, it was possible to assign retrospective exposures based on the predicted cotton dust estimates and approximations of endotoxin per unit of dust in specific processes.
